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ABSTRACT: Moose (Alces alces) have recently re-occupied a portion of their range in the temperate
deciduous forest of the northeastern United States after a >200 year absence. In southern New Eng-
land, moose encounter different forest types, more human development, and higher temperatures
than in other parts of their geographic range in North America. We analyzed seasonal minimum con-
vex polygon home ranges, utilization distributions, movement rates, and home range composition of
GPS-collared moose in Massachusetts. Seasonal home range sizes were not different for males and
females and were within the range reported for low latitudes elsewhere in North America. Seasonal
movement patterns reflected the seasonal changes in metabolic rate and the influence of the species’
reproductive cycle and weather. Home ranges consisted almost entirely of forested habitat, included
large amounts of conservation land, and had lower road densities as compared to the landscape as a
whole, indicating that human development may be a limiting factor for moose in the region. The
size and configuration of home ranges, seasonal movement patterns, and use relative to human devel-
opment have implications for conservation of moose and other wide-ranging species in more highly
developed portions of their ranges.
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An animal's home range is the area
where it finds the resources it needs for sur-
vival and reproduction (Burt 1943); essen-
tially it is a measure of spatial use for a
given period of time. Different home range
estimators provide different information
regarding how the animal uses space, includ-
ing total area, areas of intensive use, and
areas that are avoided (Powell 2000, Fieberg
and Börger 2012). Animals have a cognitive
map of their home range which allows them
to exploit areas of concentrated resources
and avoid areas that impart risks or disadvan-
tages (Powell 2000, Powell and Mitchell
2012, Spencer 2012). Thus home range
size, configuration, and use can be influ-
enced by the type, concentration, and
distribution of resources, topography and
other physical features, human development,
and the distribution of other animals such as
mates, competitors, and predators (Powell
and Mitchell 2012). Further, space use and
movement patterns show seasonal changes
which can be influenced by temperature
and other climatic factors such as snow con-
dition, reproductive status (Börger et al.
2006, Birkett et al. 2012), and for species
that are affected by seasonal changes in for-
age quantity and quality like moose (Alces
alces) and other ungulates, foraging times,
ruminating times, and metabolic rates
(Risenhoover 1986, Cederlund 1989).
Knowledge of the size and position of an
animal's home range and an individual's
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movements and use of that area can provide
insights into the distribution of resources
and limiting factors in the environment
(Powell 2000, Rettie and Messier 2000,
Powell and Mitchell 2012, Spencer 2012).
In areas of high human density, develop-
ment of the landscape can be a major deter-
minant of landscape use by many wildlife
species (Forman and Deblinger 2000, Lykkja
et al. 2009, Kertson et al. 2011). The concen-
tration and distribution of industries and
businesses, residences, roads and other infra-
structure, and even the abundance of pets can
affect the availability, quality, distribution,
and connectivity of wildlife habitats. This is
likely true for many or most taxa, but it is
especially obvious for large mammals such
as moose that require extensive areas to
fulfill their life history needs.
Despite beliefs that temperature (Kelsal
and Telfer 1974, Renecker and Hudson
1986, Peek and Morris 1998) and human
development (Vecellio et al. 1993, Peek and
Morris 1998) might prevent it, moose have
recently recolonized and become established
in a portion of their historic range in the tem-
perate deciduous forest of southern New
England (Vecellio et al. 1993, Wattles and
DeStefano 2011). This environment provides
a number of potential challenges for moose,
including forest types that differ from that
found in most of its range (Westveldt et al.
1956, DeGraaf and Yamasaki 2001, Franz-
mann and Schwartz 2007), a thermal envir-
onment that could reduce fitness and
survival (Renecker and Hudson 1986; Boose
2001; Murray et al. 2006; Lenarz et al. 2009,
2010), and some of the highest densities of
people in the United States (DeStefano et al.
2005, U. S. Census Bureau 2010a).
Habitat use, home range, and movement
of moose have been studied throughout
much of its range (Franzmann and Schwartz
2007), including elsewhere in the northeast-
ern U. S. (Leptich and Gilbert 1989, Garner
and Porter 1990, Miller and Litvaitis 1992,
Thompson et al. 1995, Scarpitti et al.
2005). However, similar information has
been lacking in southern New England
where urban and suburban development
and high road densities result in fragmenta-
tion of much of the landscape and relatively
small and scattered natural areas.
Our objective was to determine how
moose use the landscape in the human-
dominated and developed environment of
central and western Massachusetts. Specifi-
cally, we wanted to quantify the seasonal
home range size, space use patterns, and
movement rates of moose in this recently
re-established population. It is well docu-
mented that the reproductive cycle (e.g., the
rut) and seasonal changes in forage affect
movement patterns (Belovsky 1981, Risen-
hoover 1986, Cederlund 1989, Van Ballen-
berghe and Miquelle 1990), and we further
predicted that movements would be influ-
enced by weather patterns not experienced
by moose elsewhere. Also, due to the rela-
tively limited number of human-moose con-
flicts reported in the state (Wattles and
DeStefano 2011), we predicted that moose
would avoid areas with high levels of human
development, locate their home ranges away
from people, and that home range size
and configuration would be influenced by
development level.
METHODS
Study Area
Our study was conducted in central and
western Massachusetts, USA and adjacent
portions of Vermont and New Hampshire,
between 42° 9’ and 42° 53’ N latitude and
71° 53’ and 73° 22’ W longitude. Topogra-
phy is dominated by glaciated hills underlain
by shallow bedrock. Glacial activity created
abundant small stream valleys, lakes, ponds,
and wetlands whose size and nature varies
with changes in beaver (Castor canadensis)
activity. The central and western sections of
the study area are separated by the
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Connecticut River Valley which runs N-S
through west-central Massachusetts. Eleva-
tion ranges from 100 m above sea level in
the Connecticut River Valley, to 425 m
in the hills of central Massachusetts and
850 m in the Berkshire Hills of western
Massachusetts.
The western two-thirds of Massachusetts
was >80% mixed deciduous, second, or
multiple-growth forest, much of it resulting
from regeneration of farm fields abandoned
in the mid-late 1800s (Hall et al. 2002).
Forest types included spruce-fir-northern
hardwoods, northern hardwoods-hemlock
(Tsuga canadensis)-white pine (Pinus stro-
bus), transition hardwoods-white pine-
hemlock, and central hardwoods-hemlock-
white pine. Transitions between forest
types can be gradual or distinct depending
on localized physiography, climate, bedrock,
topography, and soil conditions, resulting
in a patchwork of forest types and species
groups (Westveldt et al. 1956, DeGraaf and
Yamasaki 2001). Dominant species included
spruce (Picea spp.), balsam fir (Abies balsa-
mea), American beech (Fagus grandifolia),
birch (Betula spp.), trembling aspen (Popu-
lus tremuloides), eastern hemlock, oaks
(Quercus spp.), hickories (Carya spp.), and
maples (Acer spp.) depending on area and
forest type.
Early successional habitat was created
primarily through logging, and occasionally
through wind and other weather events.
About 1.5% of the forest was logged
annually in 1984–2000, consisting of small
(mean = 16.5 ha) cuts of moderate intensity
(removal of 27% of timber volume) widely
distributed on the landscape (Kittredge et al.
2003, McDonald et al. 2006). The pattern of
forest harvest, glaciation, and transitional
forest types provided a patchy mosaic of
well interspersed forest types, age classes,
and wetlands.
July is the warmest month when mean
daily temperature is 21 °C, and January the
coldest when mean daily temperature is
−6 °C. Mean annual precipitation is 107
cm in central areas and 124 cm in western
areas, with all months receiving 7–11 cm
and 8–12 cm, respectively (DeGraaf and
Yamasaki 2001). The average date of last
frost in the region is 15 May; the average
day of first frost is 1 October and 15 Septem-
ber in central and western areas, respectively
(DeGraaf and Yamasaki 2001). Snow depth
is typically greater in western than central
areas, and depths that restrict moose move-
ment (50–70 cm) can occur in both areas
(Coady 1974).
Massachusetts is one of the most densely
populated states in the U. S. (DeStefano et al.
2005; U. S. Census Bureau 2010a). Develop-
ment intensity is variable throughout the
state, but tends to be substantially less in
the uplands compared to the valley floors
(<15–35 people/km2 in uplands and 35–
>360/km2 in valley floors outside of major
urban centers; U. S. Census Bureau 2010b).
Development in the uplands consists primar-
ily of isolated homes and homes lining road-
ways within a matrix of forest; agricultural
land and medium-to-large towns dominate
the valleys. There is a dense road network
throughout the area, consisting of state high-
ways, paved, and unpaved municipal roads:
0.78 and 2.22 km of paved roads/km2 and
0.76 and 1.12 km of unpaved roads/km2 for
uplands and valleys, respectively.
Study Animals and GPS Telemetry
We captured adult (>1 yr old) moose by
opportunistically stalking and darting them
from the ground between March 2006 and
November 2009. Moose were immobilized
using either 5 ml of 300 mg/ml or 3 ml
of 450 mg/ml xylazine hydrochloride
(Congaree Veterinary Pharmacy, Cayce, SC,
USA; mention of trade names does not imply
endorsement by the U. S. Government)
administered from a 3 or 5 cc Type C
Pneudart dart (Pneudart, Inc., Williamport,
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PA, USA). We used Tolazolene (100 mg/ml)
at a dosage of 1.0 mg/kg as an antagonist.
Moose were fitted with GPS collars, either
ATS G2000 series (Advanced Telemetry
Systems, Inc., Isanti, MN, USA) or Telonics
TWG-3790 GPS collars (Telonics, Inc.,
Mesa, AZ, USA). We programmed the col-
lars to attempt a GPS fix as frequently as
possible while allowing the battery life to
extend for at least 1 year; depending on the
collar, a GPS fix was attempted every 135,
75, or 45 min. Collars were also equipped
with VHF transmitters, mortality sensors,
and mechanisms that released the collars
either at a low battery state or a pre‐
programmed date. Capture and handling
procedures were approved by the University
of Massachusetts Institutional Animal Care
and Use Committee, protocol numbers
25-02-15, 28-02-16, and 211-02-01.
Seasons
We a priori defined the length and
timing of seasons based on several ecologi-
cal factors including vegetation phenology,
weather (including temperature and snow
conditions), and the moose reproductive
cycle (Table 1). The transition between
seasons could vary by several days to several
weeks depending on weather conditions
and other factors. If movements were seen
in the data that obviously demonstrated a
change in season (e.g., a large increase in
movement at the end of the winter when
snow had melted or the end of summer
indicating the beginning of rutting behavior),
the seasons were truncated at that point and
the data were included in the following sea-
son (Fig. 1).
Home Ranges and Space Use
We used 2 methods to calculate space
use by moose: minimum convex polygon
(MCP) and utilization distributions (UD) by
fixed kernel density estimator. We calcu-
lated100% MCP home ranges with the Cre-
ate Minimum Convex Polygons tool in
Hawth's Analysis Tools (Beyers 2006) and
UDs using the Kernel Density Estimation
tool in HRT: Home Range Tools for ArcGIS
(Rodgers et al. 2007). All Geographic Infor-
mation System (GIS) work was performed in
ArcGIS 9.3 (ESRI 2008).
Table 1. Seasons used for calculating home-range, movements, and core-area habitat analyses for moose in
Massachusetts, 2006–2011. Season breaks were based on phenology of vegetation, temperature, normal
snow conditions, and moose reproductive activity.
Season Dates Vegetation/Browse Temperaturea Movement moderators
Season
length (d)
Spring 16 April–31 May Growing season;
bud-break-leaf out
Cool-Hot Potentially temperature 46
Calving
(females)
8–13 May–15 June Growing season;
bud-break-leaf out
Cool-Hot Newborn calf mobility 30
Summer 1 June – 30 Aug Growing season;
full leaf out
Hot Temperature 92
Fall 1 Sept – 31 Oct Leaf out to leaf off Hot-Cool Temperature and rut 61
Early
Winter
1 Nov – 31 Dec Dormant season;
woody/evergreen
Warm-Cold Potentially metabolism 61
Late Winter 1 Jan – 15 April Dormant season;
woody/evergreen
Cold-Warm Potentially snow and
metabolism
107
aTemperature ranges describing typical temperatures experienced during a season; Cold ≤0 °C,
Cool >0 °C and <14 °C,Warm ≥14 °C and <20 °C, Hot ≥20 °C.
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Fig. 1. The Y-axis represents mean daily movement rates (m/day, thin line) for female (top; n = 5) and
mature male (bottom; n = 10) moose in Massachusetts, 2006–2011. The heavy line represents a 10-
day moving average to remove noise; the vertical dashed lines mark a priori delineated season
boundaries.
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Choice of the kernel bandwidth or
smoothing factor (h) is known to have the
greatest effect on the resultant utilization dis-
tribution when using kernel density estima-
tors (Worton 1989). A large h over-smooths
the data resulting in a positively biased UD
that encompasses unused habitats, whereas
a small h under-smooths the data resulting
in a fragmented UD (Fieberg 2007, Fieberg
and Börger 2012). Quantitative methods of
determining h can be influenced by sample
size, sampling intensity, and the distribution
of locations (Kie et al. 2010, Fieberg and
Börger 2012), and there is lack of agreement
on the best method for calculating h (Powell
2000, Hemson et al. 2005, Gitzen et al. 2006,
Fieberg 2007, Kie et al. 2010, Fieberg and
Borger 2012). We chose a 200-m bandwidth
because it strikes a balance between creating
a continuous polygon and over-buffering the
edges of the utilization distribution. The
200-m bandwidth value merged closely
separated locations into a single polygon,
but did not merge widely spaced clusters.
Mitchell and Powell (2008) noted that frag-
mentation of UDs may be desired to identify
used and unused areas in patchy and frag-
mented landscapes. Increasing the band-
width beyond 200 m resulted in UDs with a
larger buffer around all points, but failed to
further merge disjointed polygons into a sin-
gle polygon unless very large values of h
were used. Smaller values of h resulted in
more fragmented UDs that did not accurately
represent space use.
Road densities in MCP home ranges and
UDs were calculated using the MassEOT
(Massachusetts Executive Office of Trans-
portation) roads layer (Massachusetts Office
of Geographic Information 2005). We used
a 2005 Land Use layer (Massachusetts
Office of Geographic Information 2005)
to calculate amount of forest and wet-
lands, and the Protected and Recreational
Open Space layer (Massachusetts Office of
Geographic Information 2005) to calculate
amount of protected area.
Movements
We calculated mean seasonal daily
movement rates by calculating the distance
between successive fixes and summing those
distances for each 24-h period beginning at
0:00. Mills et al. (2006) showed that
decreased GPS sampling intensity resulted
in reduced observed movement rates in
wolves (Canis lupus) due to a reduction in
tortuosity of the path. We corrected for the
variable sampling rate in our collars (135,
75, and 45 min) by subsampling the more
intensively sampled datasets (45 min), and
taking every other and then every third
location to simulate 90 and 135 min inter-
vals, respectively. We saw a consistent
reduction in movement rates with increasing
sampling interval. Therefore, we used this
information to weight the movements
observed in our 135- (n = 23) and 45-min
(n = 2) collars to the intermediate 75-min
(n = 5) sampling level, making comparisons
among individuals possible.
Statistics
We used the R statistical package, ver-
sion 2.12.2 (R Development Core Team
2005) for all statistical analyses. We used
mixed effect models in the R-package lme4
(Bates et al. 2012) to analyze the differences
in seasonal home range size and movement
rates within and between sexes and seasons.
We incorporated random intercept in the
models to account for unequal sample sizes
among sexes and seasons and to account
for repeated measures on individual moose
and performed post-hoc pairwise compari-
sons using the R-package LMERConvience-
Functions (Tremblay and Ransijn 2012). We
employed one-sample z-tests to compare
road densities in the valley bottoms and
uplands to home ranges. Transformations
failed to meet the assumption of normality;
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therefore, we used a nonparametric paired
Wilcoxon's rank-sum test to make compari-
sons in road density between MCP home
ranges and UDs. Significance level for all
analyses was set at 0.05.
RESULTS
Capture and Deployment of GPS Collars
We deployed GPS collars on 21 moose:
5 adult (>3 yr) females, 7 adult males, and
1 immature (<3 yr) male in central Massa-
chusetts, and 4 adult and 4 immature males
in western Massachusetts; 9 were recaptured
to replace GPS collars. We obtained 127,408
locations of the 21 moose with an overall fix
rate of 85%. Seasonal data for any animal
were only included in the analyses if data
were obtained across the entire season. The
median number of locations/animal/season
ranged from 402 in spring to 1,015 in late
winter. The minimum number of locations
was 281 for one animal in spring.
Home Ranges and Space Use
Mean annual (MCP) home range
sizes were not different for mature males
(88.8 km2) and females (62.2 km2)
(P = 0.28; Table 2). Ranges of immature
males were larger in all seasons and annually
(177.5 km2) than either mature males or
females, except for females during summer.
There were no differences in mean seasonal
range sizes for mature males and females
(P ≥0.22), with the exception of fall (23.0
and 59.4 km2 for females and males, respec-
tively; P = 0.002) (Table 2). Seasonal home
ranges for females ranged from 23.0 km2
during fall and early winter to 34.8 km2 in
summer, with no difference (P ≥0.32) in sea-
sonal home range size. Seasonal home range
size for mature males ranged from 17.5 km2
in late winter to 59.4 km2 during fall, with
fall home ranges larger (P ≤0.01) than all
other seasons.
Mean annual 95% UD sizes were not
different between females (26.7 km2) and
mature males (28.8 km2) (P ≥0.54;
Table 3). Seasonal UD size for females
did not differ among seasons (P ≥0.07;
Table 3). Seasonal UD size for mature
males ranged from 8.5 km2 in late winter
to 19.6 km2 during fall, with fall larger
(P ≤0.01) than summer and early and late
winter; additionally, spring and summer
UDs were larger (P ≤ 0.01) than late
winter. Mature males had larger UDs than
central females in fall (P ≤ 0.01). Seasonal
UDs were between 40–51% and 33–63%
of seasonal MCP home ranges for females
and mature males, respectively.
Location and Composition of Home
Ranges and Utilization Distributions
MCP home ranges consisted of 84%
(SE = 0.02) forested cover types and 12%
wetlands (SE = 0.02), and UDs were 88%
(SE = 0.01) forested with 9% (SE = 0.01)
wetlands. Conservation land (state forests,
Table 2. Seasonal and annual mean 100% minimum convex polygon home ranges (km2) for females, mature
males (estimated >3 yr old), and immature male moose in Massachusetts, 2006–2011.
Central females Mature males Immature males
Season n Mean SE Range n Mean SE Range n Mean SE Range
Spring 5 26.9 4.2 14.1–39.0 9 28.0 3.2 14–39.0 5 61.4 25.5 15.8–158.1
Summer 5 34.8 7.4 18.2–61.4 8 21.9 4.5 6.2–39.5 4 32.5 6.8 16.2–48.5
Fall 5 23.0 3.7 12.8–28.8 8 59.4 15.1 31.8–161.3 5 222.6 110.0 6.6–546.8
Early Winter 4 23.0 2.9 14.9–29.1 10 29.6 5.4 14.3–72.9 5 50.8 11.9 14.6–83.1
Late Winter 5 25.8 3.8 14.3–38.0 11 17.5 2.7 5.1–31.8 5 33.2 12.8 9.3–80.4
Annual 5 62.2 7.7 41.6–78.4 9 88.8 16.8 49.3–199.4 4 177.5 96.0 33.5–458.9
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wildlife management areas, other protected
land, and conservation easements) made
up more of MCP home ranges (60%,
SE = 0.05, P ≤0.001) and UDs (66%,
SE = 0.07, P ≤0.001) than was available as
a whole in the Central Uplands (43%), and
more in the MCP home ranges (59%,
SE = 0.1, P ≤0.004) and UDs (76%, SE =
0.1, P ≤0.001) than was available in the
Berkshire Hills of western Massachusetts
(32%). Additionally, conservation land
made up a greater percentage of UDs than
either the overall MCP home ranges, or the
area outside the UD but within the MCPs
(the unused portion of the MCP home range)
(P ≤0.01); however, there was no difference
in the amount of conservation land in MCP
home ranges compared to the unused portion
of the MCP (P = 0.16).
All paved road types were at lower den-
sity within home ranges and UDs compared
to both the valley bottoms and uplands over-
all (P ≤0.001; Table 4). Additionally, all
classes of paved roads (state highways,
major local arteries, and local paved roads)
were at lower densities within UDs than
either the overall MCP home ranges, or the
unused portion of the MCP home range
(P ≤0.04; Fig. 2). State highways and local
paved roads were also at greater densities in
the unused portion of the MCP than in the
overall MCP (P ≤0.008).
Seasonal Movement Patterns
Daily movement rates for female moose
in central Massachusetts were consistently
∼1,000–1,500 m/day in late winter (Fig. 2).
Table 3. Seasonal and annual mean 95% fixed kernel utilization distribution (km2) for females, mature
males (estimated >3 yr old), and immature male moose in Massachusetts, 2006–2011 (smoothing factor
(h) = 200 m).
Females Mature Males Immature Males
Season n Mean SE Range n Mean SE Range n Mean SE Range
Spring 5 10.8 0.8 8.2–12.8 9 15.5 1.4 10.4–22.0 4 19.6 3.7 13.5–28.8
Summer 5 15.9 2.8 8.7–24.4 8 13.9 2.3 5.2–22.5 4 15.4 0.6 13.9–16.4
Fall 4 11.4 0.8 10.0–13.6 7 19.6 2.4 10.4–30.6 4 22.2 8.1 6.5–44.8
Early Winter 5 11.4 1.5 8.4–15.8 9 11.5 0.8 6.3–14.5 4 19.5 1.2 16.5–20.2
Late Winter 5 13.1 0.7 11.6–15.7 10 8.5 1.3 4.1–15.1 4 13.5 4.4 7.4–26.2
Annual 5 26.7 2.0 19.9–32.1 7 28.8 2.4 22.6–41.2 4 37.7 6.8 20.2–51.0
Table 4. Mean densities (km/km2) (SE) of paved and unpaved roads in the valley bottoms, uplands, within
Maximum Convex Polygon (MCP) but outside Utilization Distributions (UD), MCP home ranges, and
UD for moose in Massachusetts, 2006–2011.
Valley
Bottoms Uplands
MCP
outside UD MCP UD
Interstate Highways 0.08 0.01 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Major State Highways 0.03 0.00 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
State Highways 0.33 0.18 0.13 (0.03) 0.11 (0.03) 0.06 (0.01)
Major Local Arteries 0.31 0.09 0.05 (0.02) 0.03 (0.01) 0.01 (0.01)
Local Paved Roads 1.48 0.50 0.40 (0.05) 0.30 (0.08) 0.14 (0.09)
Local Unpaved/Improved Forest Roads 0.39 0.48 0.54 (0.06) 0.49 (0.13) 0.44 (0.03)
Forest Roads 0.73 0.28 0.33 (0.04) 0.35 (0.09) 0.38 (0.07)
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In spring, daily movement nearly doubled to
∼3,000 m/day prior to calving. There was a
sharp decline to 500 m/day the second week
of May that corresponded with the observed
8–13 May calving period. Mean daily move-
ment rates remained low for May and most
of June, before peaking at ∼3,000 m/day in
early July and remaining high for the remain-
der of the summer.Movement rate declined in
September to about 1,500 m/day and
remained fairly consistent for the rest of the
year. Spring and summer seasonal movement
rates for females were greater than all other
seasons and calving season movement rates
were lower than all other seasons (P ≤0.05;
Table 5).
Daily movement rates were lowest
(1,000 m/day) for mature males from the
Fig. 2. Road density in annual ﬁxed kernel utilization distribution (dark gray) and
minimum convex polygon home range (light gray) for a representative moose in
Massachusetts. Heavy lines are major local roads and state highways, thin solid
lines are local paved roads, and dashed lines are forest roads with limited access.
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beginning of February until the end of March
(Table 5). Movements increased in early
April and peaked at ∼2,500 m/day in late
May and early June, before declining as sum-
mer progressed. Daily movements increased
to 3,000 m/day during the second week of
September, indicating the start of the rut.
Movements increased further to a peak of
nearly 8,000 m/day the last week of Septem-
ber and remained high through the first week
of October, then declined sharply. Movement
rates remained relatively high at 2,000–2,500
m/day until the beginning of December when
they declined to winter levels of 1,000–1,500
m/day. Fall seasonal movement rates were
greater than in all other seasons for mature
males (P ≤0.05; Table 5); additionally,
spring and summer rates were greater than
in late winter, and spring was greater than
early winter. Male daily movement rates
were greater (P ≤0.05) than females during
fall and lower during summer.
DISCUSSION
Home Range as a Measure of
Resource Use
Spatial requirements as measured by
home range (second order use; Johnson
1980) and UDs (i.e., measuring use patterns
within the home range; third order use) can
provide important information about produc-
tivity of available habitat, distribution of
resources and limiting factors, and how a
species uses resources. This information is
critical for conservation planning and habitat
protection and connectivity at local and
regional scales, and is particularly relevant
for large mobile mammals in highly devel-
oped landscapes with fragmented patches of
protected lands.
Harris et al. (1990) recommended using
at least 2 home range estimators for all ani-
mal location data sets, including minimum
convex polygon (Mohr 1947) because of its
prevalent use and comparability among stu-
dies. A MCP home range measures the area
used by an individual to fulfill its annual or
seasonal needs, but it does not describe
how the area is used. Alternatively, UDs cre-
ated by fixed kernels (Worton 1989) describe
the pattern and intensity of use within the
MCP home range. By examining both, we
can quantify areas of actual and relative
intensity of use, identify important seasonal
habitat patches, and delineate the area of
landscape required to provide those patches
Comparison of UDs to MCPs shows that
moose in southern New England used the
Table 5. Seasonal daily movement rates (m/day) for female and mature male moose in Massachusetts. Mean
seasonal daily movement rates and (SE) in light gray, P-values for seasonal comparison between males
and females in dark gray, P-values for comparisons among seasons for females above the diagonal and
for males below the diagonal.
Female
Spring Summer Fall
Early
Winter
Late
Winter Calving
Mean 2391
(141.0)
2464
(216.6)
1837
(81.5)
1505
(158.0)
1492
(107.9)
874
(70.6)
SP 0.719 0.012 <0.001 <0.001 <0.001
Spring 2019 (161.3) SP 0.22 SM 0.006 <0.001 <0.001 <0.001
Summer 1731 (120.5) 0.168 SM 0.017 FL 0.112 0.097 <0.001
M
a
tu
re
M
a
le
Fall 3542 (385.2) <0.001 <0.001 FL <0.001 EW 0.951 0.008
Early winter 1514 (107.0) 0.017 0.291 <0.001 EW 0.967 LW 0.009
Late winter 1103 (79.8) <0.001 0.004 <0.001 0.051 LW 0.157
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landscape in a patchy manner; UDs were
typically only half the size of MCPs, mean-
ing that at any time there was a 95% prob-
ability of locating a moose within <50% of
the MCP home range. Additionally, UDs
fragmented into multiple polygons, indicat-
ing that resources were patchily distributed.
Maintaining connectivity of used patches
within the larger landscape (MCP and larger)
is essential for moose and other wide ranging
species.
Rettie and Messier (2000) argued that
selection at the scale of the home range
reflects attempts to reduce the effects of lim-
iting factors. The UDs measured here were
located almost exclusively on the uplands
of the central and western parts of the state,
with limited use of valley bottoms. When
valley bottoms were included in an MCP
home range, they were mostly unused por-
tions that were traversed in movements
between ridge tops. Overall, UDs had greater
amounts of forested habitat and conservation
land and lower road densities than the land-
scape as a whole, or than the MCP home
ranges. By definition moose spent 95% of
their time in these less developed areas and
appeared to select for more heavily forested
areas away from human development.
Moose often crossed roads of all types in
Massachusetts, but seemed to show less
avoidance of local residential roads with
lower traffic volumes and speed limits than
major highways, state highways, and major
local arteries. In many instances major roads
formed boundaries at the edge of an indivi-
dual's home range; in other cases home
ranges were bisected by highways and main
roads. Use of higher elevations could also
be an attempt to limit thermal stress by tak-
ing advantage of reduced ambient tempera-
tures and increased exposure to convective
cooling from wind. Human development
and associated vehicle traffic and high
temperatures that result in thermal stress
may be limiting factors for moose in
Massachusetts.
Seasonal Home Ranges
In central Massachusetts, female MCP
home ranges were largest during summer
when energy demands were greatest because
of lactation and seasonal restoration of body
condition. Mature male home ranges were
largest during fall when they search for and
attend mates during the breeding season,
and smallest during late winter and summer
when movements were presumably restricted
by the combined effects of lower metabolism,
snow conditions, and thermoregulatory
constraints.
Despite the large number of studies on
home range size (Hundertmark 1997), com-
parisons to our results must be made with
caution. Most studies have used traditional
VHF telemetry and home ranges were
calculated with a small number of locations
(e.g., <30), particularly in winter (e.g.,
<10), which can underestimate home range
size (Kernohan et al. 2001, Börger et al.
2006); further, few VHF locations are col-
lected at night when moose are often active.
Kernohan et al. (2001) suggested a minimum
number of 30 locations, but at least 50 to cal-
culate an accurate home range. Additionally,
differences in methods and the length, tim-
ing, and number of seasons used can make
comparisons difficult (Kernohan et al.
2001, Börger et al. 2006). Even with these
limitations, our results fall within the range
presented by Hundertmark (1997) for home
range sizes across North America (Fig. 3).
Overall, home range size decreased with
decreasing latitude and summer and winter
home ranges in Massachusetts would be
expected at the low end of the scale.
In the northeastern United States our
results are similar to those of Leptich and
Gilbert's (1989) in Maine with >50 locations
for 11 of 13 collared moose and an estimated
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summer MCP home range of 25 km2 for
females. Thompson et al. (1995) reported
median summer home ranges of 32 km2 for
females and 28 km2 for males in Maine; their
sample sizes in other seasons were too low
for comparison. Winter ranges were typified
by concentrated use of small areas with short
movements to other areas of intensive use in
Minnesota (Van Ballenberghe and Peek
1971) and Maine (Thompson et al. 1995), a
pattern similar to our observations. In north-
ern New Hampshire, Scarpitti et al. (2005)
observed smaller seasonal home ranges for
females than our study (≤17 km2 for all sea-
sons), with an earlier study in northern New
Hampshire (Miller and Litvaitis 1992) report-
ing much larger annual home ranges for
females (153 km2) with the largest seasonal
home ranges during fall (82 km2). Garner
and Porter (1990) reported 36 km2 for sum-
mer and 8 km2 for winter home ranges of
males in the Adirondack Mountains of New
York. Our seasonal results are the opposite
of Lenarz et al. (2011) who reported smaller
home ranges during summer (16 km2) than
in winter (33 km2) in Minnesota.
Movements
Seasonal activity and movement patterns
reflect changes in metabolic rate, ruminating
time, and activity associated with the annual
cycle of vegetation growth in temperate for-
ests (Risenhoover 1986, Cederlund 1989).
Increased movement rates in spring corres-
ponded with the start of the growing season
and increased abundance and quality of
browse. High movement rates in summer
have been shown to reflect increased activity
associated with more foraging bouts, lower
ruminating times, and an attempt by moose
to maximize foraging during the growing
season (Belovsky 1981, Cederlund 1989,
Fig. 3. Mean size of winter and summer home ranges in square kilometers
for moose in North America relative to latitude (as reported by
Hundertmark 1997). Data for female and male moose added as open
symbols.
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Van Ballenberghe and Miquelle 1990). We
speculate that the periodically reduced rates
in movements we observed during spring,
summer, and fall were the result of thermo-
regulatory behavior during periods of high
temperatures.
The reduced movements during winter
were typical of moose throughout their range
(Phillips et al. 1973, Dussault et al. 2005,
Schwartz and Renecker 2007). Schwartz
and Renecker (2007) suggest that the lower
winter metabolic rate of moose is an adapta-
tion to counteract reduced forage abundance
and quality and the related increased time
required to digest a highly fibrous diet,
resulting in fewer feeding bouts and lower
activity level. Movements were further
reduced during periods of deep snow;
however, snow depth and condition vary
annually and across the state with the highest
likelihood of deep snow at higher elevations
in western Massachusetts. When confined by
deep snow, moose concentrated their habitat
use into as little as 0.5 km2 for up to 3.5
months. The variability in the timing, depth,
and condition of snowfall strongly influ-
enced the variability of home range size
and movements in early and late winter, as
moose moved widely between suitable win-
ter habitats until confined by snow. In addi-
tion to the influence of seasonal patterns on
movements, changes in daily movement
rates were greatest at times of the year corre-
sponding to the annual reproductive cycle,
i.e., calving for females and the rut for males.
A final important consideration for
understanding movements of moose in
southern New England is the lack of their
major predator, wolves (Canis lupus), and
the absence of moose hunting. Predators
and hunters can play important roles in the
distribution and movements of their ungulate
prey. Black bears (Ursus americanus) and
coyotes (Canis latrans) may prey on some
moose calves, but in general the influence
of predators or hunters on moose movements
and distribution is absent in Massachusetts.
MANAGEMENT IMPLICATIONS
Existing distribution of vegetative com-
munities, landscape configurations, and
levels of development have allowed moose
to re-colonize and establish a low density
population throughout central and western
Massachusetts and into Connecticut after
200–300 years of absence. However, south-
ern New England is comprised of some of
the most densely populated and highly
developed states in the nation, and despite
very active and successful conservation
agencies and organizations, the trend will
continue to move in the direction of more
development and increased fragmentation.
We have documented key elements of
habitat use and movement distances and pat-
terns by this newly re-established moose
population. This information can be used to
further enhance existing high priority conser-
vation areas and identify new areas for
protection and landscape connectivity.
Massachusetts has many well established
biodiversity conservation initiatives (e.g.,
Wildlife BioMap and Living Waters) and
planning strategies should recognize and
incorporate a suitable scale to accommodate
moose. If this large-scale challenge can be
met, biodiversity conservation will benefit
because moose use a diversity of terrestrial
and wetland vegetative types (composition,
size, and structure) that provide habitat for
a wide array of species.
ACKNOWLEDGMENTS
The Massachusetts Division of Fisheries
and Wildlife through the Federal Aid in
Wildlife Restoration Program (W-35-R) pro-
vided funding and support for this research.
We appreciate the long-term involvement
and support of many people, particularly R.
Deblinger and T. O'Shea. The Department
of Conservation and Recreation, U.S.
ALCES VOL. 49, 2013 WATTLES AND DESTEFANO – HOME RANGE AND MOVEMENTS
77
Geological Survey, the University of Massa-
chusetts, and Safari Club International pro-
vided additional funding and logistical
support. Capture of moose would not have
been possible without the assistance of K.
Berger and other field assistants and
volunteers.
REFERENCES
BATES, D., M. MAECHLER, and B. BOLKER.
2012. lme4: Linear mixed effects models
using S4 classes. <http://lme4.r-forge.r-
project.org> (accessed December 2012).
BELOVSKY, G. E. 1981. Optimal activity times
and habitat choice of moose. Oecologia
48: 22–30.
BEYERS, H. 2006. Hawth's Analysis Tools for
ArcGIS. Version 3.27. <http://www.spa-
tialecology.com/htools> (accessed
December 2012).
BIRKETT, P. J., A. T. VANAK, V. M. R. MUGGEO,
S. M. FERREIRA, and R. SLOTOW. 2012.
Animal perception of seasonal thresh-
olds: changes in elephant movement in
relation to rainfall patterns. PLoS ONE
7: 1–8.
BOOSE, E. 2001. Fisher Meteorological
Station (since 2001). Harvard Forest
Data Archive: HF001. Petersham, Mas-
sachusetts, USA.
BÖRGER, L., N. FRANCONI, F. FERRETTI, F.
MESCHI, G. DE MICHELE, A. GANTZ, and
T. COULSON. 2006. An integrated
approach to indentify spatiotemporal
and individual-level determinants of ani-
mal home range size. The American Nat-
uralist 168: 471–485.
BURT, W. H. 1943. Territoriality and home
range concepts as applied to mammals.
Journal of Mammalogy 24: 346–352.
CEDERLUND, G. 1989. Activity patterns in
moose and roe deer in a north boreal
forest. Holarctic Ecology 12: 39–54.
COADY, J. W. 1974. Influence of snow on
behavior of moose. Naturaliste Canadien
101: 417–436.
DEGRAAF, R. M., and M. YAMASAKI. 2001.
New England Wildlife: Habitat, Natural
History, and Distribution. University
Press of New England, Hanover, New
Hampshire, USA.
DESTEFANO, S., R. D. DEBLINGER, and C.
MILLER. 2005. Suburban wildlife: les-
sons, challenges, and opportunities.
Urban Ecosystems 8: 131–137.
DUSSAULT, C., J. P. OUELLET, R. COUTOIS, J.
HUOT, L. BRETON, and H. JOLICOEUR.
2005. Linking moose habitat selection
to limiting factors. Ecography 28: 1–10.
ENVIRONMENTAL SYSTEMS RESEARCH INSTITUTE
INC. (ESRI). 2008. ArcGIS 9.3. Red-
lands, California, USA.
FIEBERG, J. 2007. Kernel density estimators of
home range: smoothing and the autocor-
relation red herring. Ecology 88:
1059–1066.
———, and L. BÖRGER. 2012. Could you
please phrase “home range” as a
question? Journal of Mammalogy 93:
890–902.
FORMAN, R. T. T., and R. D. DEBLINGER. 2000.
The ecological road effect zone of a Mas-
sachusetts (U.S.A.) suburban highway.
Conservation Biology 14: 36–46.
FRANZMANN, A. W., and C. C. SCHWARTZ.
2007. Ecology and Management of the
North American Moose. Second edition.
University Press of Colorado, Boulder,
Colorado, USA.
GARNER, D. L., and W. F. PORTER. 1990.
Movement and seasonal home ranges of
bull moose in a pioneering Adirondack
population. Alces 26: 80–85.
GITZEN, R. A., J. T. MILLSPAUGH, and B. J.
KERNOHAN. 2006. Bandwidth selection
for fixed-kernel analysis of animal utili-
zation distributions. Journal of Wildlife
Management 70: 1334–1344.
HALL, B., G. MOTZKIN, D. R. FOSTER, M.
SYFERT, and J. BURK. 2002. Three hun-
dred years of forest and land-use in Mas-
sachusetts, USA. Journal of
Biogeography 29: 1319–1335.
HARRIS, S., W. J. CRESSWELL, P. G. FORDE, W.
J. TREWHELLA, T. WOOLLARD, and S.
WRAY. 1990. Home-range analysis using
78
HOME RANGE AND MOVEMENTS – WATTLES AND DESTEFANO ALCES VOL. 49, 2013
radio-tracking data: a review of problems
and techniques particularly as applied to
the study of mammals. Mammal Review
20: 97–123.
HEMSON, G., P. JOHNSON, A. SOUTH, R. KEN-
WARD, R. RIPLEY, and D. MACDONALD.
2005. Are kernels the mustard? Data
from global positioning system (GPS)
collars suggests problems for kernel
home-range analyses with least-squares
cross-validation. Journal of Animal Ecol-
ogy 74: 455–463.
HUNDERTMARK, K. J. 1997. Home range, dis-
persal, and migration. Pages 303–335 in
A.W. Franzmann and C.C. Schwartz, edi-
tors. Ecology and Management of the
North AmericanMoose. University Press
of Colorado, Boulder, Colorado, USA.
JOHNSON, D. H. 1980. The comparison of
usage and availability measurements for
evaluating resource preference. Ecology
61: 65–71.
KELSAL, J. S., and E. S. TELFER. 1974. Biogeo-
graphy of moose with particular refer-
ence to western North America.
Naturaliste Canadien 101: 117–130.
KERNOHAN, B. J., R. A. GITZEN, and J. J. MILL-
SPAUGH. 2001. Analysis of animal space
use and movements. Pages 125–166 in
J. J. Millspaugh and J. M. Marzluff, edi-
tors. Radio Tracking Animal Popula-
tions. Academic Press, San Diego,
California, USA.
KERTSON, B. N., R. D. SPENCER, J. M. MAR-
ZLUFF, J. HEPINSTALL-CYMERMAN, and C.
E. GRUE. 2011. Cougar space use and
movements in the wildland-urban land-
scape of western Washington. Ecological
Applications 21: 2866–2881.
KIE, J. G., J. MATTHIOPOULOS, J. FIEBERG, R. A.
POWELL, F. CAGNACCI, M. S. MITCHELL, J-
M. GAILLARD, and P. R. MOORSCROFT.
2010. The home-range concept: are tradi-
tional estimators still relevant with mod-
ern telemetry technology. Philosophical
Transactions of the Royal Society B
365: 2221–2231.
KITTREDGE, D. B., JR., A. O. FINLEY, and D. R.
FOSTER. 2003. Timber harvesting as
ongoing disturbance in a landscape of
diverse ownership. Forest Ecology and
Management 180: 425–442.
LENARZ, M. S., M. E. NELSON, M. W.
SCHRAGE, and A. J. EDWARDS. 2009. Tem-
perature mediated moose survival in
northeastern Minnesota. Journal of Wild-
life Management 73: 503–510.
———, J. FIEBERG, M.W. SCHRAGE, and A. J.
EDWARDS. 2010. Living on the edge: via-
bility of moose in northeastern Minne-
sota. Journal of Wildlife Management
74: 1013–1023.
———, R. G. WRIGHT, M. W. SCHRAGE, and
A. J. EDWARDS. 2011. Compositional ana-
lysis of moose habitat in northeastern
Minnesota. Alces 47: 135–149.
LEPTICH, D. J., and J. R. GILBERT. 1989. Sum-
mer home range and habitat use by
moose in northern Maine. Journal of
Wildlife Management 53: 880–885.
LYKKJA, O. N., E. J. SOLBERG, I. HERFINDAL, J.
WRIGHT, C. M. ROLANDSEN, and M. G.
HANSSEN. 2009. The effects of human
activity on summer habitat use by moose.
Alces 45: 109–124.
MASSACHUSETTS OFFICE OF GEOGRAPHIC INFOR-
MATION. 2005. <http://www.mass.gov/
anf/research-and-tech/it-serv-and-support/
application-serv/office-of-geographic-in
formation-massgis/datalayers/eotroads.
html> (accessed December 2012).
MCDONALD, R.I., G.MOTZKIN,M. S. BANK, D.
B. KITTERIDGE, J. BURKE, and D. L. FOS-
TER. 2006. Forest harvesting and land-
use conversion over two decades in Mas-
sachusetts. Forest Ecology and Manage-
ment 227: 31–41.
MILLER, B. K., and J. A. LITVATIS. 1992. Habi-
tat segregation by moose in a boreal for-
est ecotone. Acta Theriologica 37:
41–50.
MILLS, K. J., B. R. PATTERSON, and D. L. MUR-
RAY. 2006. Effect of variable sampling
frequencies on GPS transmitter effi-
ciency and estimated wolf home range
ALCES VOL. 49, 2013 WATTLES AND DESTEFANO – HOME RANGE AND MOVEMENTS
79
size and movement distance. Wildlife
Society Bulletin 34: 1463–1469.
MITCHELL, M. S., and R. A. POWELL. 2008.
Estimated home ranges can misrepresent
habitat relationships on patchy land-
scapes. Ecological Modeling 216:
409–414.
MOHR, C. O. 1947. Table of equivalent popu-
lations of North American small mam-
mals. American Midland Naturalist 37:
223–249.
MURRAY, D. L., E.W. COX,W. B. BALLARD, H.
A.WHITLAW,M. S. LENARZ, T.W. CUSTER,
T. BARNETT, and T. K. FULLER. 2006.
Pathogens, nutritional deficiency, and
climate influences on a declining moose
population. Wildlife Monograph 166:
1–30.
PEEK, J. M., and K. I. MORRIS. 1998. Status of
moose in the contiguous United States.
Alces 34: 423–434.
PHILLIPS, R. L., W. E. BERG, and D. B. SINIFF.
1973. Moose movement patterns and
range use in northwestern Minnesota.
Journal of Wildlife Management 37:
266–278.
Powell, R. A. 2000. Animal home ranges and
territories. Pages 65-110 inL. Boitani and
T. K. Fuller, editors. Research Techni-
ques in Animal Ecology. Columbia Uni-
versity Press, New York, New
York, USA.
———, and M. S. MITCHELL. 2012. What is a
home range? Journal of Mammalogy 93:
948–059.
R DEVELOPMENT CORE TEAM. 2005. R: a lan-
guage and environment for statistical
computing. R Foundation for Statistical
Computing, Vienna, Austria. <http://
www.R-project.org> (accessed Decem-
ber 2012).
RENECKER, L. A., and R. J. HUDSON. 1986.
Seasonal energy expenditures and ther-
moregulatory responses of moose. Cana-
dian Journal of Zoology 64: 322–327.
RETTIE, W. J., and F. MESSIER. 2000. Hierarch-
ical habitat selection by woodland
caribou: its relationship to limiting fac-
tors. Ecography 23: 466–478.
RISENHOOVER, K. L. 1986.Winter activity pat-
terns of moose in interior Alaska. Journal
of Wildlife Management 50: 727–734.
RODGERS, A. R., A. P. CARR, H. L. BEYER, L.
SMITH, and J. G. KIE. 2007. HRT: Home
Range Tools for ArcGIS. Ontario Minis-
try of Natural Resources, Centre for
Northern Forest Ecosystem Research,
Thunder Bay, Ontario, Canada.
SCARPITTI, D., C. HABECK, A. R.MUSANTE, and
P. J. PEKINS. 2005. Integrating habitat use
and population dynamics of moose in
northern New Hampshire. Alces 41:
25–35.
SCHWARTZ, C. C., and L. A. RENECKER. 2007.
Nutrition and energetics. Pages 441–478
in A.W. Franzmann and C.C. Schwartz,
editors. Ecology and Management of the
North AmericanMoose. University Press
of Colorado, Boulder, Colorado, USA.
SPENCER, W. D. 2012. Home ranges and the
value of spatial information. Journal of
Mammalogy 93: 929–947.
THOMPSON,M. E., J. R. GILBERT, G. J.MATULA,
and K. I. MORRIS. 1995. Seasonal habitat
use by moose on managed forest lands
in northern Maine. Alces 31: 233–245.
TREMBLAY, A., and J. RANSIJN. 2012. LMER-
ConvenienceFunctions: a suite of func-
tions to back-fit fixed and forward-fit
random effects, as well as other miscella-
neous functions. <http://cran.r-project.
org/web/packages/LMERConvenience-
Functions/index.html> (accessed Decem‐
ber 2012).
U. S. CENSUS BUREAU. 2010a. Census 2010.
Resident Population Data: Population
Density <http://www.census.gov/2010
census/data/apportionment-dens-text.php>
(accessed February 2013).
———. 2010b. 2010 Census: Massachusetts
Profile Map. <http://www2.census.gov/
geo/maps/dc10_thematic/2010_Profile/
2010_Profile_Map_Massachusetts.pdf>
(accessed February 2013).
80
HOME RANGE AND MOVEMENTS – WATTLES AND DESTEFANO ALCES VOL. 49, 2013
VAN BALLENBERGHE, V., and D. G. MIQUELLE.
1990. Activity of moose during spring
and summer in interior Alaska. Journal
of Wildlife Management 54: 391–396.
———, and J. M. PEEK. 1971. Radio teleme-
try studies of moose in northeastern Min-
nesota. Journal of Wildlife Management
35: 63–71.
VECELLIO, G. M., R. D. DEBLINGER, and J. E.
CARDOZA. 1993. Status and management
of moose in Massachusetts. Alces 29:
1–7.
WATTLES, D. W., and S. DESTEFANO. 2011.
Status and management of moose in the
northeastern United States. Alces 47:
53–68.
WESTVELDT, M. R., R. I. ASHMAN, H. I. BALD-
WIN, R. P. HOLDSWORTH, R. S. JOHNSON,
J. H. LAMBERT, H. J. LUTZ, L. SWAIN, and
M. STANDISH. 1956. Natural forest vegeta-
tion zones of New England.
Journal of Forestry 54: 332–338.
WORTON, B. J. 1989. Kernel methods for esti-
mating the utilization distribution in
home-range studies. Ecology 70:
164–168.
ALCES VOL. 49, 2013 WATTLES AND DESTEFANO – HOME RANGE AND MOVEMENTS
81
